The aim of the present study was to develop cresyl violet (CV)/bentonite composite system, to investigate the equilibrium sorption of the fluorescent dye on bentonite, to determine the characteristic equilibrium and thermodynamic parameters of the system by appropriate empirical isotherm models and to assess its pH-indicator properties. The absorption characteristics of CV solutions were investigated by UV/VIS spectrophotometer. Equilibrium experiments were conducted and the experimental data were modelled by six mathematical isotherm models. The analyses of the experimental data showed that bentonite exhibited significantly high capacity -169.92 mg/g, towards CV. The encapsulation efficiency was 85%. The Langmuir, Flory-Huggins and El-Awady models best represented the experimental results. The free Gibbs energy of adsorption (ΔG o ) was calculated on the basis of the values of the equilibrium coefficients determined by the proposed models. The values of ΔG determined by the Langmuir, Temkin and Flory-Huggins models are within the range À20 to À40 kJ/mol, which indicates that the adsorption process is spontaneous and chemisorption takes place due to charge sharing or transfer from the dye molecules to the sorbent surface as a coordinate type of bond. The investigations of the obtained CV/bentonite hybrid systems for application as pH-markers showed satisfactory results.
INTRODUCTION
Cresyl violet (CV), a cationic dye belonging to the phenoxazine class, finds application in diverse areas. The dye-surfactant interactions have also been the subject of many studies in view of the fact that they mimic many biological processes taking place between the large organic molecules and the biomembranes and can act as model redox systems. The interactions between cationic dyes and charged surfaces are also of interest in numerous applications from the design of electronic devices to the characterization of drug-delivery systems (Priyadarsini & Mohan ). CV is often used as a staining agent for studying the changes on DNA-and RNA-rich compounds in tissues. Especially, the effects of microwave radiation on blood-brain barrier permeability heavily rely on CV based stain analysis, simply because laser dye molecules are often distinguished due to their relatively complex structure in photoluminescence data (Bayrakceken & Yegin ) . Sorption of fluorescent dyes on minerals have been widely investigated. It was found that except for extreme pH conditions, fluorescent dye sorption is dominated by electrostatic interactions (ion exchange) rather than hydrophobic interactions (partitioning into organic content). Moreover, the ability of dyes to resist sorption was explained by the structure of the dye molecule, mainly the type and number of functional groups. Therefore, dye sorption is influenced by the combined effect of the dye type and mineral composition (Magal et al. ) . Bentonite, which is a low cost, eco-friendly and efficient adsorbent material, is preferred to other materials because of its high-specific surface area and microporous structure. Bentonite clay, which is mainly composed of montmorillonite clay mineral, has been lately employed in many separation applications with or without modification (Kaya et al. ) .
In our previous investigations, we have studied the mechanism of biosorption of Congo red and Azure A onto Zea mays biomass (Yaneva & Georgieva , ) . The investigations of the present scientific team established that, probably, the adsorption of Congo red on Avena sativa L. biomass and Amosil was controlled predominantly by external mass transfer. However, the role of chemisorption and intraparticle diffusion could not be neglected (Georgieva et al. ) .
For a proper understanding of an adsorption process, applied in medicinal chemistry for the development of drugdelivery systems, in environmental chemistry for the preparation and characterization of hybrid clay-dye pigments (Kaya et al. ) , tracers (Magal et al. ) and markers, which allows the design of appropriate experimental strategy, it is necessary to discuss the sorption mechanism, both from the thermodynamic point of view, as well as the equilibrium behavior of the sorbate-sorbent system (Nechifor et al. ) .
The aim of the present study was to develop a CV/bentonite composite system, to investigate the equilibrium sorption of the fluorescent dye on bentonite, to determine the characteristic equilibrium and thermodynamic parameters of the system by appropriate empirical isotherm models and to assess its pH-indicator properties.
MATERIAL AND METHODS
CV chloride was supplied by Sigma-Aldrich Chemie GmbH (Taufkirchen, Germany). Its structural molecular formula, physicochemical and molecular properties are presented in Table 1 .
Bentonite (H 2 Al 2 O 6 Si) (CAS 1302-78-9) (FW 180.1, d 2.4) and C 2 H 5 OH (HPLC grade) were supplied by Sigma-Aldrich. 
Morphological and structural characteristics
The morphological and structural characteristics of the fresh and dye-loaded bentonite samples were determined with an MUOU digital microscope (× 500 magnification) (China).
UV/VIS spectrophotometry
Adapted UV/VIS spectrophotometric methods for quantitative determination of CV concentrations in liquid phase were developed and tested. The effect of solvent type (water and absolute ethanol), absorbance wavelength and pH were studied on DR 5000 UV-VIS Spectrophotometer (Hach Lange, Germany), supplied with 10 mm quartz cells. All spectra were recorded in the VIS region at λ 561 nm for CV aqueous solutions and at 612 nm for CV ethanol solutions with 2 nm slit width, 900 nm min À1 scan speed and very high smoothing. All UV/VIS spectrophotometric analyses were made in triplicate.
Adsorption equilibrium
Equilibrium sorption experiments were carried out by agitating on an IKA ® -Werke GmbH & Co. KG (Staufen, Germany) Basic Shaker at 400 rpm predetermined mass of bentonite (w 0.3 g) with 50 cm 3 of CV solutions with initial concentrations in the range 50-100 mg/dm 3 at temperature T 19 ± 2 W C and pH 7.0. The sorbate/sorbent systems were agitated until equilibrium. Then, the dye solutions were separated from the adsorbent by centrifugation with Heraeus Labofuge 200 (ThermoFisher Scientific, Inc., Waltham, MA, USA) at 5,300 g for 20 min and filtered using 0.45 μm membrane filters (LCW 916, Hach Lange GmbH, Düsseldorf, Germany) to ensure the solutions were free from adsorbent particles before measuring the residual CV concentration. The corresponding values of CV solid phase concentrations (q e , mg/g) were calculated by the mass balance Equation (1): 
Temkin
where:
where c o (mg/dm 3 ) is the initial fluorescein dye concentration in the liquid phase, C e (mg/dm 3 ) is the equilibrium CV concentration in the liquid phase, q o ¼ 0 and w (g) is the sorbent mass.
All experiments were carried out in triplicate, and the average values were taken to minimize random error. Blanks containing no adsorbate and replicates of each adsorption point were used for each series of experiments.
Thermodynamics study
The equilibrium constant (K) for an adsorption process is related to the standard free energy of adsorption by the expression:
where ΔG o is Gibbs free energy of adsorption; T is the temperature, K, and R is the universal gas constant (R ¼ 8.314 J/ mol K).
Equilibrium modeling
The adsorption equilibrium of the studied dye-bentonite system was modelled by the Langmuir, Freundlich, Temkin, Flory-Huggins, El-Awady and Dubinin-Radushkevich models (Table 2) .
Error analyses
The experimental data were analyzed by regression analyses and determination of the corresponding correlation coefficients (R 2 ) and standard error (SE). The efficiency and accuracy of the developed UV/VIS methods was estimated based on the calculated limit of detection (LOD) and limit of quantification (LOQ).
To confirm the best-fitting model(s), error analyses were conducted. Linear and non-linear regression analysis was employed to describe the sorption behavior of the studied system by various equilibrium equations. To confirm the best-fitting model(s), the data set using the values of the determined correlation coefficients (R 2 ), sum of squares of errors (SSE), root mean-square errors (RMSE), and Chisquared error functions (χ 2 ) were analyzed. The linear and non-linear regression analyses were done by the data analyses and graphics software Origin 9.1 (OriginLab Corporation, Northampton, MA, USA) XLStat for Excel.
RESULTS AND DISCUSSION

CV/bentonite characterization
The comparative structural and morphological analyses of the fresh and CV-loaded bentonite surface ( Figure 1 ) established that the clay mineral possesses uniform structure, no heterogeneous areas were detected and the dye molecules were uniformly distributed.
UV/VIS spectrophotometric methods development
UV/VIS method I
The effect of pH on CV absorption spectra in aqueous solutions was studied in the range pH 2.2-11 and initial dye concentration c o 10 mg/dm 3 (Figure 2(a) ). However, the spectral lines observed in the range from pH 2.2 to pH 9.26 were not well resolved and split into two peaks at λ 561 nm and λ 590 nm. The spectrum of the solution in alkaline medium (pH 10) was too wide and that at pH 11 shifted to a lower wavelength due to the almost discolored solution obtained. Maximum absorption was registered at pH 5.6 in the VIS region at λ 561 nm. The calibration curve of CV in water in the concentration range c 0 1-40 mg/dm 3 (Figure 2 (b)) characterized with a significantly high correlation coefficient (R 2 0.9954).
UV/VIS method II
The effect of pH, in the range pH 2.35-13.17, on the absorption spectra of the fluorescein dye in EtOH was also studied. The obtained VIS spectra for c o 10 mg/dm 3 are presented in Figure 3 (a).
It was established that in medium alkaline media (pH ∼ 9, 10) there were deviations of the absorbance intensity due to splitting of the spectrum line and the formation of two peaks at λ 612 and 490 nm. At pH 13 (i.e. in strongly alkaline medium) only one wide peak was registered at λ 490 nm. These variations of the absorption characteristics of the cationic dye were accompanied by color changes of the ethanol dye solutions from violet to orange with pH increase (Figure 3) . Besides, the spectral peaks at pH < 9 were well resolved and did not contain interference peaks, which could influence the quantitative results. Based on these observations and on the fact that maximum absorption of CV solutions was registered at pH 7 at λ 612 nm, these conditions were chosen as optimal for the quantitative spectrophotochemic analyses of CV in ethanol solution.
Due to the wide range of initial dye concentrations tested, c o 1-100 mg/dm 3 , two separate calibration curves were outlined: for the low concentration range: c o 1-40 mg/dm 3 , and for the high concentration range: c o 50-100 mg/dm 3 . Both standard curves, presented in Figure 4 , characterized with high values of the regression coefficient.
Accuracy and effectiveness of the applied UV/VIS analytical methods
To assess the applicability of the two methods investigated, the relative standard deviation (RSD), LOD and LOQ were determined based on the obtained in the recent study experimental data. Table 3 .
The comparative analyses of the obtained experimental results revealed that the applied and developed UV/VIS Method I characterized with the highest correlation coefficient and lowest RSD, LOD and LOQ values. Thus, it could be suitable for analyses of dye containing aqueous samples. However, the main disadvantage of this method is the not well resolved spectral lines containing split peaks, which would affect the accuracy of the experimental results.
Regarding the developed UV/VIS method II, and based on the data from Table 3 , it could be concluded that it displayed satisfactory accuracy and efficiency in the entire concentration range c o 1-100 mg/dm 3 . The comparative estimation of the UV/VIS spectral data of CV obtained by both spectrophotometric methods (Figures 2 and 3) revealed that the spectral peaks of Method II characterized with 2.6 times greater area and height. Besides, they were significantly more pronounced in the entire tested concentration range.
Equilibrium study
Equilibrium between the adsorbed and desorbed dye quantity was established after 24 h. The analyses of the experimental data showed that bentonite exhibited significantly high capacity, 169.92 mg/g, towards CV. The encapsulation efficiency was 85%.
The experimental equilibrium data were modelled by six mathematical isotherm models: Langmuir, Freundlich, (Yaneva & Georgieva ) .
The values of the calculated equilibrium, thermodynamic parameters and correlation coefficients are presented in Table 4 . According to the integrative analyses of the experimental and model data and based on the values of the determined by linear/non-linear regression analyses error functions (R 2 , SE, RMSE, χ 2 , NSD and ARE), it was established that the Langmuir, Flory-Huggins and El-Awady models best represented the experimental results. The relative applicability of the Temkin and Dubinin-Radushkevich models, however, could not be totally neglected. Besides, the calculated values of the respective equilibrium parameters give valuable information on the adsorption mechanism. The Langmuir isotherm model was used to predict the sorption of CV from ethanol solution onto bentonite ( Figure 5 ). This empirical model assumes that a monolayer of adsorbate is adsorbed over a uniform adsorbent surface at a constant temperature and that the distribution of the compound between the two phases is controlled by equilibrium constant. Hence at equilibrium both rates of adsorption and desorption are equal. Furthermore, the value of q m , which is the measure of the maximum monolayer adsorption capacity of bentonite towards the dye, was calculated as 166.67 mg/g (Table 4 ), which is very close to the experimentally obtained maximum capacity of 169.92 mg/g. The high correlation (R 2 0.9993) between the experimental and model predicted data by applying the Langmuir isotherm indicates both the homogeneous nature of bentonite surface and the formation of monolayer coverage of CV molecules at its outer surface.
The Temkin isotherm ( Figure 6 ) contains a factor that explicitly takes into account the adsorbent-adsorbate interactions. By ignoring the extremely low and high concentration values, the model assumes that the heat of adsorption (function of temperature) of all molecules in the layer would decrease linearly rather than logarithmically with coverage. As implied in the equation, its derivation is characterized by a uniform distribution of binding energies (up to some maximum binding energy). The parameters and the regression coefficients of the Temkin model are presented in Table 3 . The low value of the constant related to the heat of adsorption, B, in this study (B 0.215) indicates weak adsorbent-adsorbate interactions supporting a mechanism of ion exchange.
The Flory-Huggins model was chosen to account for the characteristic surface coverage of the adsorbed dye molecules on the adsorbent. The model predicted that the number of dye molecules occupying adsorption sites is n ¼ 1.36, meaning that a maximum of 1 site per molecule can be realized for the CV molecule, which in turn is an indication that no crowded conditions exist due to both geometric and steric factors. The degree of surface coverage θ, according to the Flory-Huggins model calculated as θ ¼ 1-C e /C o , varies from 0.97 for the low concentration range to 0.66 at high initial CV concentration.
The Dubinin-Radushkevich isotherm is generally applied to express the adsorption mechanism with a Gaussian energy distribution onto a heterogeneous surface. The model has often successfully fitted high solute activities and the intermediate range of concentrations data well (Dada et al. ) .
In the present study the Dubinin-Radushkevich model (Figure 8 ) was applied to distinguish the physical and chemical adsorption. The mean free energy, E, per molecule of adsorbate (for removing a molecule from its location in the sorption space to the infinity) was also computed (Table 4 ). From the linear plot of the Dubinin-Radushkevich model, q o was determined as 171.26 mg/g, the mean free energy, E ¼ 1.58 kJ/mol indicating probably a mixed chemisorption-physiosorption process.
The applicability of the El-Awady model to the experimental equilibrium data of CV adsorption on bentonite is undeniable, supported by the significantly high values of the regression coefficients obtained by the linear and nonlinear regression analyses (Figure 9, Table 4 ) and the lowest values of the calculated error functions.
In this model if the value of 1/y is less than unity multilayer adsorption is implied. In the current work, however, the value of 1/y obtained was approximately unity (1/y ¼ 1.079) (Table 4) , which indicates that each dye molecule of CV involved in the adsorption process was attached to one active site on the bentonite surface. Consequently, the adsorption of the dye molecules on bentonite is probably accompanied by the formation of a monolayer of adsorbed 
Thermodynamics analyses
The negative values of ΔG o ensure the spontaneity of the adsorption process and stability of the adsorbed layer on In the present study ΔG o was calculated on the basis of the values of the equilibrium parameters determined by each of the proposed models (Table 4 ). The values of ΔG 0 determined by the Langmuir, Temkin, Dubinin-Radushkevich and Flory-Huggins models are within the range À20 to À40 kJ/mol, tending to the higher limit, which indicates that the adsorption process is spontaneous. Regarding the mechanism, probably the prevailing process is physical sorption, i.e. electrostatic attraction, but the role of chemisorption due to charge sharing or transfer from the dye molecules to the sorbent surface, especially in the later stages of the sorption process, could not be neglected (Yaneva & Georgieva ; Rani et al. ) .
According to various studies, dyes adsorption onto clay minerals may occur through ion exchange, protonation, hydrogen bonding and ion-dipole reactions. Based on the experimental results and the values obtained through mathematical modeling and analyses data, the mechanism of CV on bentonite was probably due to a combination of physical and chemical sorption. Besides, based on the chemical structure of the sorbate and sorbent, there are conditions for the formation of H-bonds and ionic interactions, too, though this effect may only be marginal (Belhaine et al. ) . The most important stage is the migration of CV molecules into the pores of the material. Considering the molecular properties of the dye molecule calculated by ChemDraw 3D (Cambridge Soft, PerkinElmer Inc., Waltham, MA, USA) and the fact that bentonite belongs to the mesoporous clay materials, obviously there are not great obstacles for the organic molecules, with average diameter 21.85 nm, to enter great part of the mesopores of the solid particles, which characterize with diameters in the range 2-50 nm. A possibility of plugging of some pores as a result of chemisorption and/or dimerization of CV molecules also exists.
pH-indicator properties
The dye-loaded bentonite samples obtained during the equilibrium experiments were air dried for 24 h. The pH-indicator properties were tested in six different media: 2N HCl, 2N NaOH, distilled water, EtOH, acidified EtOH and alkalized EtOH. Significant change of the colors of the solutions and of the dye-loaded solid phase was established ( Figure 11) .
Consequently, the different colorization of the solutions is a sign that a desorption process of CV molecules from the bentonite particles occurs in all tested media. Future investigations of the observed pH-indicator properties of the fluorescent dye/bentonite composite systems, as well as their applicability for environmental applications and as intracellular pH-indicators, are intended to be conducted.
CONCLUSIONS
An efficient modified UV/VIS method for quantitative determination of CV in liquid samples was developed. A pronounced effect of pH on the absorbance characteristics of the fluorescence dye and on the colorimetric properties of the prepared dye-bentonite composite was established. The Langmuir, Flory-Huggins and El-Awady isotherm models described most accurately the process of CV adsorption on bentonite at equilibrium conditions. The negative values of the free Gibbs energy and the high values of the Figure 11 | Effect of pH on dye-loaded bentonite in: (1) 2N HCl; (2) distilled water; (3) 2 N NaOH; (4) EtOH; (5) EtOH/2N HCl (v/v 1:1); (6) EtOH/2N NaOH (v/v 1:1) solutions. equilibrium parameter suggest that the investigated adsorption process is spontaneous with the formation of stable adsorbed dye layer, probably a monolayer, on the clay mineral surface. The adsorption takes place via a combination of physical and chemical adsorption, and of hydrogen bonding, as established from the analyses of the equilibrium and thermodynamic parameters.
